We identify 34 highly-probable detached, red giant eclipsing binary pairs among 315 candidates in Devor's catalog of ≈ 10 000 OGLE-II eclipsing binaries. We estimate that there should be at least 200 such systems in OGLE-III. We show that spectroscopic measurements of the metallicities and radial-velocity-derived masses of these systems would independently constrain both the agemetallicity and helium-metallicity relations of the Galactic bulge, potentially breaking the age-helium degeneracy that currently limits our ability to characterize the bulge stellar population. Mass and metallicity measurements alone would be sufficient to immediately validate or falsify recent claims about the age and helium abundance of the bulge. A spectroscopic survey of these systems would constrain models of Milky Way assembly, as well as provide significant auxiliary science on research questions such as mass loss on the red giant branch. We discuss the theoretical uncertainties in stellar evolution models that would need to be accounted for to maximize the scientific yield.
Introduction
To understand the origin and evolution of the Galactic bulge, one would like to measure the age, kinematics, and abundances for a large and representative sample of stars. Because both photometric and spectroscopic ages are strongly degenerate with helium abundance (Marín-Franch et al. 2010, Nataf and Gould 2011) , it is absolutely essential that each star in such a sample have an estimate of its helium content, in addition to the "metal" abundances that are more usually reported. This appears to be a daunting requirement: despite the fact that helium comprises 25-40% of the baryonic mass of bulge stars, there are no reported spectroscopic helium estimates, other than that of the stripped B-star S2 orbiting the supermassive black hole at the center of our Galaxy (Martins et al. 2008) . Helium is simply too tightly bound to give rise to detectable lines in the relatively cool stars that inhabit the
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bulge, though the application of Herculean techniques to the HeI 10830 has shown promise in the case of the metal-poor globular cluster NGC 2808 (Pasquini et al. 2011 ).
Here we argue that well-detached double-red-giant eclipsing binaries can provide a large O(10 2 ) sample of such well-characterized stars. The choice of doublered-giant eclipsing binaries is far from obvious. Red giants (RGs) of luminosity comparable to the red clump (RC) are themselves relatively rare, roughly one per 10 3 M ⊙ . And it is straightforward to show that only O(10 −5 ) of these have detached eclipsing secondaries of comparable size. So, for example, one does not expect even one such binary in the entire system of Milky Way globular clusters. Detached eclipsing turnoff stars are at least 1000 times more plentiful. However, these systems do exist and are accessible once one has access to photometric surveys as large as OGLE: We note the recent detailed investigation of 3.5 M ⊙ RG twins in a 371.6 day orbit, OGLE SMC113.3 4007 (Graczyk et al. 2012) .
Nevertheless, for the specific problem of tracing the bulge population, double-RG eclipsing binaries are very much preferred. The principal reason is simply that they are brighter and hence all measurements are much more precise given instrumentation available currently or in the foreseeable future. For example, currently it is possible to obtain detailed spectroscopic abundances for turnoff stars only when they are highly magnified (Bensby et al. 2010 (Bensby et al. , 2011 . For the same reason, precision radial velocity (RV) measurements, needed for accurate masses, are extremely costly for turnoff stars. Even photometric light curves, which are required to measure the mean density of the system, are challenging (e.g., Clarkson et al. 2011 ). This is not just because of the low flux levels of the source but more fundamentally, irreducible blending by ambient stars, as well as third bodies that are frequently present in close-binary systems (Tokovinin et al. 2006, Pribulla and Rucinski 2006) . Finally, because the bulge has finite depth (σ (m−M) 0 ≈ 0.15 mag) and is subject to differential extinction, one cannot, in strong contrast to globular clusters, use photometric information to precisely determine the phase of stellar evolution of a given turnoff star.
All of these problems are greatly reduced in RGs. Plentiful photons easily yield high signal-to-noise ratio (S/N) measurements. Blending is intrinsically less important because the sources are bright, and moreover it is possible to detect blends down to very low flux levels. High flux levels and low-blending imply that proper motions are more precisely measured, and precise light curves enable accurate distance measurements using standard eclipsing-binary techniques (at least to determine relative positions within the bulge). Finally, the whole phase of RG evolution is short, so that the phase of stellar evolution can be determined extremely precisely. The only real problem is the low frequency of detached double-red-giant eclipsing binaries. However, in this paper we show that at least 34 such systems are already present in the eclipsing-binary catalog constructed by Devor (2005) from OGLE-II data.
The structure of this paper is as follows. In Section 2, we show how to identify Galactic bulge RG EB twins from an order of magnitude larger list of candidates. The observed frequency of these systems in OGLE-II implies that there are of order 200 more waiting to be discovered in OGLE-III data. In Section 3, we summarize the stellar models used in this work. In Section 4, we discuss the immediate science that could be achieved with even preliminary spectroscopic follow-up. We find that mass and metallicity measurements would, by themselves, be sufficient to validate or falsify several hypotheses of the bulge stellar population. In Section 5, we investigate how well the system parameters must be measured and how the precision of these measurements translate into errors on the age-helium plane. Further, we show that if current theoretical and observational uncertainties on the RG temperature scale are reduced in the future, and if tidal effects could be taken into account by either selecting very detached systems or effectively modeling them, detached RG eclipsing binaries could in and of themselves be sufficient to fully characterize the Galactic bulge age-helium-metallicity relationship.
At Least 34 Detached Red Giant Eclipsing Binary Pairs in the OGLE-II Eclipsing Binary Catalog
There are significant challenges in finding RG eclipsing binary pairs. First, the lifetime of the RG phase is only ≈ 1% of the stellar lifetime, which means that the two masses can differ by no more than ≈ 0.5% for both stars to be in the RG phase simultaneously. Second, from Newton's generalization of Kepler's third law:
it follows that RG eclipsing binary pairs will not be detached for the short orbital periods that are the most easily detected, due to their large physical size. Meanwhile, at longer periods, the geometrical probability of eclipse will go down as the inverse of the orbital separation, and even for fortuitous alignments for which sin i ≈ 1, the S/N will drop sharply with increased orbital separation as there will be fewer completed periods to phase the light curve over. It is therefore not surprising that a photometric database as large as that of OGLE is required to produce a catalog of these systems. Devor (2005) combed through 218 699 variable stars in the OGLE-II bulge photometric survey, to identify 10 862 eclipsing binaries. There were 3 170 classified as detached eclipsing binaries, the overwhelming majority of which are foreground main-sequence disk stars. The top-left panel of Fig. 1 shows the dereddened color and magnitude of the 3 170 detached eclipsing binaries overplotted on a dereddened OGLE-III CMD of Baade's window (Szymad'ż˝ski et al. 2011) . Only 315 of the catalog members have dereddened color (V − I) 0 ≥ 0.7 mag and P ≥ 2 days.
Though each of these candidates appear as RGs on the CMD and have eclipsing binary light curves, many are not true RG eclipsing binaries. We find that Fig. 1 . At least 34 of the 10 862 OGLE-II eclipsing binary candidates in the catalog of Devor (2005) are detached RG eclipsing binary pairs. Top-left: dereddened color and magnitude of detached binaries (magenta), "gold", "silver", and spurious eclipsing binary sources with (V − I) 0 ≥ 0.7 mag and P ≥ 2 days (red, green, blue respectively), overplotted on a dereddened OGLE-III CMD toward Baade's window (black). Top-right: histogram of period distribution of 3 170 detached eclipsing binaries, with the distribution of periods greater than 10 days enlarged. Bottom: comparison of stellar radii derived from the photometric and orbital information for the primary stars as a function of I 0,Primary . Same color scheme as top-left. The gold candidates pass the test of having consistent radii from photometry and orbital parameters.
at least 33 of these 315 candidates have unphysical parameters, as determined by deriving radius estimates. The solutions of Devor (2005) include the orbital periods and the ratios R 1,2 /a, allowing estimates of the primary's physical radius, r = 5.30R ⊙ (r 1 /a)(P/days) 2/3 , where we have assumed M 1 + M 2 = 2 M ⊙ . This assumption of the mass will not contribute significant error due to the small value of the exponent: 1/3. An independent estimate of the radii of these stars can be derived photometrically, by de-reddening their colors and magnitudes assuming an intrinsic color and brightness of the red clump (RC) (V − I, I) RC = (1.06, −0.10), (m − M) 0,bulge = 14.52 and using the empirical color-surface-brightness relations of Kervella et al. (2004) , by first transforming (V − I) to (V − K) using the VIK color-color relation of Bessell and Brett (1988) . The results of this comparison are shown in the bottom panel of Fig. 1 . There is a sequence of sources, plotted in blue, for which the ratio R orbit /R photometric reaches values as high as 10. These are manifestly unphysical, and they comprise ≈ 10% of the eclipsing-binary candidates with (V − I) 0 ≥ 0.7 mag and P ≥ 2 days. That these form a sequence strongly implies that they are a specific class of variables that happen to strongly resemble eclipsing binaries. We note that they are all as bright or brighter than the RC.
The 34 red points, which we call the "gold sample", have a minimal size criterion R secondary ≥ 3R ⊙ (to ensure that both members are RG stars), and a consistent size criterion | log(R primary,orbit /R primary,photometric )| ≤ 0.10, equivalent to a ≈ 25% error in the radius or 0.5 mag in the brightness. This is an estimate of the effects due to errors in the corrections between color and surface brightness, differential reddening, and depth relative to the Galactocentric distance. 248 of the candidates, plotted in green, have properties that are physical but not optimal. Many are likely disk stars, other may have secondaries on the subgiant branch, for which follow-up analysis would not be able to assume M 1 = M 2 . We classify these as the "silver" sample. We directly inspected each of the 34 gold eclipsing binary light curves by downloading photometry from the OGLE-II archive (Udalski et al. 1997 , Szymad'ż˝ski et al. 2005 . The OGLE-II light curves for the gold-sample candidates are shown in Figs. 2, 3, and 5. Both "gold" and "silver" candidates are listed in Tables 1 and 2 (in Appendix) .
There may be more such systems to be found at brighter magnitudes. It has been demonstrated that there is a substantial population of undiscovered, bright periodic variables toward the Galactic bulge. However, OGLE photometry, from which the eclipsing binary candidates are derived, saturates at I ≈ 13 mag (Szymad'ż˝ski et al. 2005) . Nataf et al. (2009) , as part of a microlensing feasibility study investigating bright (8 I 13) stars toward the Galactic bulge, took 151 exposures spanning 88 nights and estimated that 50% of the periodic variables were not previously detected. Due to the short baseline, it is not surprising that no longperiod detached eclipsing binaries are present in the catalog of 52 previously undetected eclipsing binaries (Nataf et al. 2010 ), but it is likely that a few could be found near the tip of the RG branch by a dedicated campaign with a small-aperture telescope.
Uncertainties in the Photometric Parameters
We comment on a few uncertainties in the parameters derived by Devor (2005) and how they can be rectified.
The first is that of ellipsoidal variations, which are not accounted for. Ellipsoidal variations result from the geometric distortion of close eclipsing binary stars due to their mutual gravitation. That this was not taken into account by Devor
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(2005) likely results in small errors in some of the parameters such as the stellar densities. However, this effect could be well approximated for in a more detailed study.
To better understand these effects, we follow the derivation of Assef et al. (2006) . From Eq. (6) of Morris (1985) , the mean magnitude difference between maxima and minima resulting from ellipsoidal variations, ∆M , behaves as:
where µ 1 is the primary's linear limb-darkening coefficient and τ 1 is the primary's gravity-darkening coefficient. From Table 1 of Al-Naimiy (1978), we find µ 1 ≈ 0.6, and τ 1 ≈ 0.4 from Al-Naimiy (1978) and Eq. (10) of Morris (1985) , where we assume 4000 K objects measured at 8000 Å for both parameters. For edge-on RG EB twins, (m 2 )/(m 1 )sin 2 i ≈ 1, and thus Eq. (2) reduces to:
which corresponds to the typical between-eclipse trends seen in Figs. 3, 4, and 5. Some readers may be concerned about a possible factor of 2 degeneracy in the period calculation: Devor (2005) assumes there are always two measurable eclipses. We argue that this is a valid assumption for these stars. First, with their position on the bulge CMD and the match between their photometric and orbital radii, we are confident that these are RG stars. Second, the eclipse depths seen in Figs. 3, 4, and 5 range from 0.1 mag to 0.4 mag. It is difficult to conceive of a plausible object that could eclipse ≈ 30% of a RG's light and not be a RG itself, at which point two eclipses would be inevitable.
The third source of error is that of the eclipse phase. Observers may wish to know the phase of the orbit to optimize their RV targeting, for example by obtaining the spectra during the secondary eclipse, when the smaller RG is fully obscured by the larger RG, an epoch we label E 2 . Unfortunately, knowledge of the period phases is now somewhat lost, since OGLE-II observations (Udalski et al. 1997 , Szymad'ż˝ski et al. 2005 were taken in the period 1997-2000, and typical periods for these sources is 20 days. Additionally, many of our values of E 2 may be off by ≈ P/2 if the photometric fit incorrectly determined the surface brightness ratio of the two stars. This phase drift will be easy to account for once time-series photometry from the OGLE-III survey (Szymad'ż˝ski et al. 2011) become available, as these will allow tighter period determinations and cover the time baseline 2002-2009.
Biases in the Sample of Devor (2005)
We compare our derived distribution of R 2 /R 1 for both the gold and silver samples, shown in panels (a) and (b) of Fig. 2 , and we find that these are not consistent predicted R 2 /R 1 for any binary RG twin sampling the probability density function from Panel c (blue), and predicted R 2 /R 1 for detached binary RG twins modified to account for the period distribution of Duquennoy and Mayor (1991) , and assuming an eclipse probability (R 1 + R 2 )/a (red).
with expectations: the catalog is likely missing RG EB twins with both high and low radius ratios. The expected probability density functions for R 2 /R 1 are derived by sampling a scaled-solar stellar track (Delahaye et al. 2010, see Section 3) in the evolution phase during which R ≥ 3 R ⊙ but before the tip of the RG branch (mimicking our selection for the gold sample). Due to the fact that the mass difference for equal metallicity and co-eval stars on the RG branch is small, it follows from the fuel-consumption theorem (Renzini and Buzzoni 1986 ) that the relative number counts are simply proportional to the duration of specific phases of stellar evolution, in this case:
We randomly sample the stellar track in age (equivalent to sampling in phase) 2 × 10 6 times, and in panel (d) of Fig. 2 we show (in blue) the resulting distribution of R 2 /R 1 . We also show a corrected predicted probability density function (in Fig. 3 . OGLE-II photometry (Udalski et al. 1997 , Szymad'ż˝ski et al. 2005 ) for gold-sample eclipsing binary stars phase-folded over the periods measured by Devor (2005) . For each binary we state the OGLE-II identification, as well as the period and ratio of semimajor axis to primary radius measured by Devor (2005) .
red) that accounts for the empirical period distribution of Duquennoy and Mayor (1991) given the assumption that M 1 = M 2 = 1 M ⊙ , the requirement that the EBs be detached, and the assumption of an eclipse probability P(E) = (R 1 + R 2 )/a. The ratio of R 2 /R 1 is predicted to increase smoothly, approximately doubling, over the range 0 ≤ R 2 /R 1 ≤ 1, with an excess at R 2 /R 1 ≈ 0.45 due to the red giant branch bump (RGBB). Instead, both the gold and silver sample peak at R 2 /R 1 ≈ 0.75, with a sharp drop-off at both ends.
We suggest two plausible reasons for the difference between the observed and predicted distributions of R 2 /R 1 . At low values of R 2 /R 1 , the photometric eclipse At high values of R 2 /R 1 , the eclipses may become identical in shape, a solution that may be indirectly biased against by the detection algorithm. We argue against the RC playing a significant role in these biases. It is not included in our predicted luminosity function, but as can be seen in the top left panel of Fig. 1 , very few of the EB twins (either gold or silver) are in the RC. There is a sound theoretical reason to expect this. All RC stars will have previously ascended the RG branch and reached very high values of R/R ⊙ . Thus, if they have a binary companion sufficiently close as to have detectable eclipse once their their size shrinks to R ≈ 10 R ⊙ , they would have significantly overflowed their Roche lobes, and thus likely ended up on a section of the zero-age horizontal branch corresponding to higher mass loss.
Due to the biases in the sample, we cannot assess whether our assay is consis- tent with the claim that close binaries have a flat secondary mass function, a result observed for various types of binary stars (Kuiper 1935, Pinsonneault and Stanek 1996) . If the detection efficiency is far below 100%, then our estimate of 200 "gold" candidates waiting to be found in OGLE-III data is an underestimate. We derived this number by taking the 34 candidates found in OGLE-II and scaling by the ratio (≈ 6) of bulge RR Lyr found in OGLE-III (Soszyd'ż˝ski et al. 2011) to that found in OGLE-II (Collinge et al. 2006) . However, if RG EB twins in OGLE-II had a low detection efficiency, the benefit of using the higher-cadence, longer-baseline, and more precise OGLE-III data will be substantially higher than naively estimated.
Stellar Models
We use the Yale Rotating Stellar Evolution Code (YREC, van Saders and Pinsonneault 2012) for the theoretical predictions provided in this work. The models are computed with diffusion. In order to match the observed atmospheric metalsto-hydrogen ratio Z/X = 0.0229 (Grevesse and Sauval 1998), solar radius R ⊙ , and solar luminosity L ⊙ at t = 4.57 Gyr, the models used in this work have the solar composition set to (Z ⊙ ,Y ⊙ ) = (0.01875, 0.27357), and mixing length parameter α of 1.9449.
Early Scientific Payoffs of a Spectroscopic Survey of Detached Red Giant Eclipsing Binary Pairs
An early spin off of measurements of the Galactic bulge detached RG eclipsing binary population would be either the validation or invalidation of several predictions derived from the age-helium-metallicity relations assumed and stated in the literature. The mass of RG stars is predicted to have the following functional de- Fig. 6 . Different assessments of the age and helium abundance of the bulge predict sharply distinct, easily-measurable RG mass-metallicity relationships. The old stellar population curves (blue, black) are characterized by age-metallicity relations that are linear with log(t/10) in the range −1.2 ≤ [M/H] ≤ +0.6 , 10 ≤ t/Gyr ≤ 12 , whereas the old-to-intermediate age curve (red) assumes 5 ≤ t/Gyr ≤ 12 over the same metallicity range. The helium-enhanced curve (black) assumes ∆Y /∆Z = 3 . We show the approximate turnoff mass (magenta) for the old, (relatively) metal-poor Galactic globular cluster 47 Tuc (Thompson et al. 2010) , and the approximate turnoff mass for the old, metalrich open cluster NGC 6791 (Brogaard et al. 2011) . Both EBs shown in magenta are near the turnoff, and thus expected to have masses slightly lower ( ∆M ≈ 0.1 M ⊙ ) than that on the RG branch.
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pendence on metallicity, age and initial helium abundance:
and thus specific claims about the bulge age-helium-metallicity relation derived from its CMD morphology predict equally specific mass-metallicity relations for bulge RG stars. Fig. 6 shows that the mass-metallicity relations predicted are very distinct. If this is the typical mass found for that metallicity it would confirm their interpretation, and would invalidate the hypothesis that the entire bulge stellar population formed by rapid gravitational in-fall, an invalidation already suggested by dynamical investigations of metal-rich M-giants (Shen et al. 2010 , Kunder et al. 2011 . Alternatively, if the bulge is enhanced in helium, as argued based on measurements of the bulge red giant branch bump (Nataf et al. 2011a,b) and the discrepancy between spectroscopic and photometric turnoff ages (Nataf and Gould, 2011), then RG masses should be significantly lower. If (∆Y /∆Z) bulge = 3 and the population is older than t = 10 Gyr, no masses greater than ≈ 1 M ⊙ should be measured on the RG branch. The combination of RG mass and metallicity measurements with MSTO singlestar spectroscopic measurements is enough to determine both the age-metallicity and helium-metallicity relationships of the bulge. Eq. (5) shows that at fixed metallicity, increased age has the same effect as increased Y : both lead to decreased mass. This degeneracy has the opposite angle to that found on the MSTO and subgiant branch (SGB): increased Y behaves similarly to decreased age, as both lead to higher temperatures on the MSTO and lower surface gravities on the SGB (Nataf and Gould 2011).
There could also be a strong metallicity dependence to the binary fraction. Would the RG eclipsing binary metallicity-distribution function (MDF) match that of the measured bulge RG MDF? If binaries are not a representative sample of the underlying population, a significant fraction of the bulge stellar population might not be directly probeable by this method. This would be interesting in its own right, as it could constrain models of how stars form in environments with different metallicity, an issue recently brought into sharper focus by Conroy and van Dokkum (2011). Moreover, there would still be value in measuring the age and helium abundance of the bulge within the remaining metallicity range.
These stars would also be powerful dynamical probes. As these are bright stars, their OGLE-III proper motions will be very precise. Their physical radii would measure where these stars are located in the bulge relative to the RC. This would give the distance, and would enable conversion of proper motions into transverse velocities. The dynamics of the bulge are known to be complex, with an X-shape at large separations (Z ≥ 500 pc) from the plane recently discovered (Nataf et al. 2010, McWilliam and Zoccali 2010) , and correlations between kinematics and metallicity at all latitudes (Babusiaux et al. 2010) . A stellar sample with six measured kinematic phase space coordinates is needed.
Mass loss along the RG branch is another scientific prospect. Brown et al. (2011) found a significant number of low-mass white dwarfs without binary companions, implying that a significant number of stars skip stages of post-main-sequence stellar evolution, possibly due to enhanced mass loss in metal-rich stars. This would be consistent with the spectroscopic study of Rich et al. (2011) , which showed that the [Fe/H] ≈ +0.35 peak detected among bulge dwarf and SGB stars (Bensby et al. 2010 (Bensby et al. , 2011 is not present among bulge M-giants. Significant mass loss would manifest itself as a much lower mass for more luminous stars, a characteristic that could easily be measured in a sufficiently large survey.
Population Parameters and Observables
The observable properties of a RG in an eclipsing binary pair are mass, density, metallicity, and effective temperature. These four observables can be matched to three theoretical quantities that effectively determine the initial state of the star (mass, helium, and metallicity), plus the evolutionary state at which we evaluate the stellar track. In principle, this match between the number of independent parameters and measurements enables complete determination of the age and helium abundance of each detached RG eclipsing binary pair. For the purposes of this section, we ignore theoretical uncertainties in the temperature and metallicity scale, and discuss what can be done if one assumes accurate stellar models and maximum-likelihood measurements and errors of the observables. We base our parametrization on log ρ rather than log g because the density, derived by plugging the EB light curve parameters into Kepler's 3rd law, is typically measured with substantially higher accuracy than the surface gravity.
Before moving forward, we must recognize that the accuracy of RG temperature estimates as well as the interpretive power thereof is a matter of ongoing controversy. There remains a ≈ 100 K uncertainty in the temperature determination of stars (Casagrande et al. 2010) , and this uncertainty is comparable in size to the predicted effects of large age or helium variations. Moreover, for the sample of close binaries listed in this work, (R 1,2 /a) ≈ 0.2, and thus star-star interactions may have a significant impact on the observed stellar properties (Chabrier et al. 2007) . Additionally, the convective efficiency assumed in this work, parametrized by the mixing length, is calibrated on the Sun, and there is no a priori reason why the efficiency should be the same in RGs. However, there remains value in working out the standard theoretical predictions, which may still be very effective for the most well-detached systems. The prospects of calibrating the zero-point terms for RG relationships are decent, due to the information accessible with missions such
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as Kepler (e.g., Hekker et al. 2010 , Miglio et al. 2012 . Additionally, whereas the interpretation of T eff should be significantly impacted by these concerns, that of M/M ⊙ should not -the mass observed in the RG phase is almost entirely a function of the main-sequence lifetime for a given initial mass, metallicity and helium abundance. Any EB with star-star interactions in the RG phase will not have experienced such interactions during the main-sequence, as R 1,2 /a will have been several times smaller.
Facilitating the task of parameter estimation is the fact that the observable properties are predicted to be linear or nearly linear in the parameter range of interest: stars of intermediate age and older. We use our library of stellar tracks to derive relationships for the parameter range 
where
and 
The errors and covariance matrix in D i = (Y, log(t/10)) are given by
κ im κ jn c mn (9) where c i j is the covariance matrix of the observables. Eq. (8) again emphasizes the crucial role of a mass measurement. Note that a change in any of the first three quantities (log T eff , [Fe/H], log ρ) induces motions of Y and logt in opposite directions, while a change in log M induces motion in the same direction. Therefore, without a tight mass measurement it is impossible to jointly constrain the helium content and age of the star. This is illustrated graphically in Figs. 7 and 8 . Fig. 7a shows the age-mass relation for RG stars at solar metallicity for different helium abundances. Note that the curves are both straight and equally spaced, i.e., a linear relation. This implies that perfect mass and metallicity measurements would yield a 1-dimensional linear constraint on the Y − log(t/10) plane. In fact, while an essentially perfect mass measurement is quite feasible (see below), this is not so for metallicity, as such the 1-dimensional constraint would be a band rather than a line. This band is almost perfectly orthogonal to the constraint that can be obtained from spectroscopy (log T eff , [Fe/H], log g), which is shown in Fig. 8 . Like the mass/metallicity constraint, spectroscopy by itself measures one fewer quantity than the number of model parameters being constrained, and thus is represented by parallel-line error contours, rather than closed contours. For purposes of this and subsequent plots, we begin with the covariance matrix c i j = e i e j cor i j , of a typical RG star (from Alves-Brito et al. which has been derived directly from the ensemble of line measurements, using the method of Epstein et al. (2010) . We then multiply the errors by a factor 2/3, in recognition of the fact that the mass measurements will require multiple epochs of high S/N, high-resolution spectra. We now turn to the impact of a ρ measurement, first combined only with spectroscopy (Eq. 10) and then with a mass measurement as well. Unlike mass and metallicity, the other three quantities that one can hope to directly measure (log T eff , log ρ, log g) all depend strongly on phase of stellar evolution. In Fig. 7bc , we show these tracks on the log T eff / log ρ plane for various values of Y and log(t) respectively. The main point to take away from these panels is that even if the age (panel b) or the helium content (panel c) were known exactly, it would be very difficult to distinguish the tracks from precise temperature and density measurements. Only if the mass is measured, so these two effects can be combined, do the tracks become well-separated (panel d).
The impact of a density measurement (combined with spectroscopy) on the agehelium plane is shown by the green curves in Fig. 8 . Like the spectroscopy-only constraint (blue), these appear to be parallel lines, which is surprising given that the are four measurements (log T eff , [Fe/H], log g, log ρ) to constrain four model parameters. In fact, these contours are part of an ellipse which is extremely elongated in the direction orthogonal to the mass constraint. The reason for this is essentially the same as spectroscopy-only case: weak coupling of log M to Y and log t via error propagation from the log g measurement. Fig. 8 also shows the impact of adding a mass measurement to either of these cases. When all measurements are combined, the error ellipse is highly elongated along the direction of the mass constraint, with its width essentially determined by the metallicity error. Note the log M and log ρ measurements have both been assumed to have errors of 0.01 dex (2.3%). However, this diagram would look almost exactly the same if we had assumed zero errors for both quantities. Hence, even conservative error bars are equivalent to perfect measurements for the log M and log ρ. We note that the detached RG EB twins OGLE SC10 137844, whose parameters are somewhat more difficult to measure due to the fact they are in a highly eccentric (e = 0.31) and long-period system (P = 372 days), recently had their masses measured to ≈ 0.8% and densities to ≈ 4.5% (Graczyk et al. 2012) .
The actual spectroscopic measurements would be greatly constrained by the eclipsing binary light curve. Aside from the precisely measured values of log g obtained from log ρ and M/M ⊙ , relative temperatures and luminosities would be known to a high degree of accuracy from the photometry alone, reducing the degrees of freedom allowed in the spectroscopic fit. That the two stars are in a moderately close binary would strongly suggest that they have identical metallicities. Further, the ability to take spectra during eclipse, when only the larger and thus brighter star would contribute to the spectrum, guarantees spectroscopic parameters at least as good as those of a single RG. We note that for these systems the eclipses often last several days, making the acquisition of single-star spectra very feasible. We also comment on an important recent finding. Gonzalez et al. (2011ab) used dereddened near-IR photometry of the Galactic bulge and showed that the photometric color distribution of bulge stars was in itself sufficient to reproduce the spectroscopic bulge metallicity distribution function. This demonstrates that the bulge RG temperatures are well-behaved.
Discussion

The Effect of Uncertainties in Stellar Evolution Models
The stellar models that are used to interpret the measurements are themselves a source of uncertainty. Heavy element diffusion, the value of the mixing length, and angular momentum evolution are among the uncertainties of stellar evolution. Whereas mass and metallicity measurements should yield immediate and powerful constraining power, temperature measurements will be more difficult to interpret due to their greater theoretical uncertainties. This is due to the fact that stellar A. A. models are typically calibrated with respect to the Sun, a main-sequence star. Thus main-sequence behavior (e.g., main-sequence lifetime as a function of mass and composition) is better calibrated than post-main-sequence behavior. Interpreting RG temperatures will therefore require greater care than interpreting masses. There will be at least three different means to constrain the impact of these uncertainties.
We ran several models with varied input parameters to gauge the effect of two of the most significant uncertainties: the mixing length and diffusion. Reducing the mixing length to 1.6449 from 1.9449, a shift comparable in size to the empirical (Ferraro et al. 2006) and theoretical (Trampedach and Stein 2011) determinations of the uncertainty, has the effect of increasing the stellar lifetime at fixed mass, metallicity and helium by ≈ 1% -the effect is negligible. For diffusion, we computed the same models without diffusion, an exaggeration of the size of the error in diffusion, and these yielded a stellar lifetime decrease of ≈ 3%. Note that turning off diffusion requires small changes in the metals abundance and the mixing length to maintain consistency with the solar constraints, see Table 1 of van Saders and Pinsonneault (2012) . Both effects are smaller than the statistical error resulting from a typical precision in the metallicity of ≈ 0.1 dex. We also verified that the mass predictions for RG stars in this work agree with those of the BaSTI (Pietrinferni et al. 2006) and Dartmouth (Dotter et al. 2008 ) stellar databases -agreement is to ≈ 1% on the lower RGB.
An excellent way to constrain the effect of theoretical uncertainties would be to exploit the fact that the relative predictions of stellar evolution models are more reliable than the absolute predictions. A reasonable choice for an anchor point would be requiring the most metal-poor stars to have the same age as the Galactic globular clusters (GCs), t GC = 12.8 ± 0.4 Gyr (Marín-Franch et al. 2009 ), and to have a primordial helium abundance for those stars of Y = 0.249 (Simha and Steigman 2008) . In principle, the metal-poor bulge may in fact be a little older: bulge RR Lyr stars are more metal-rich than those in globular clusters (Kunder and Chaboyer 2008, Pietrukowicz et al. 2011) , which might imply that the most metalpoor bulge stars are too old to generate many RR Lyrae stars. However, since the age difference between the GCs and the universe is not large, such a difference would not significantly undermine the use of the GCs as an age anchor point.
At Disk-like metallicities (i.e., [Fe/H] ≈ −0.3), there is a campaign to measure precise abundances of RG stars that have asteroseismic measurements from the KEPLER and COROT satellites (Epstein et al. 2010 . Due to the fact that these are Disk stars, which are expected to have younger ages and likely different helium-enrichment patterns, we should expect that the log g−T eff −[M/H] mapping will not be identical to the mapping that can be obtained for bulge stars. It will be interesting to see how they differ. The differences would be combined with the predictions of Eq. (8) to yield estimates of the relative age and helium offsets between these two stellar populations.
At the metal-rich end, the open cluster NGC 6791 is a potent anchor. It has a high metallicity [Fe/H] = +0.40, it is the subject of detailed asteroseismic study from Kepler photometry (Miglio et al. 2012) , and has three eclipsing binary pairs with measured masses and radii including two near the main-sequence turnoff (Grundahl et al. 2008 , Brogaard et al. 2011 ). An interesting finding of Miglio et al. (2012) is that the mass loss for the metal-rich RG stars in NGC 6791 is not large: ∆M ≈ 0.09 M ⊙ . However, this finding is suggestive rather than conclusive due to the use of first-order asteroseismic scaling relations, which are still a matter of ongoing investigation. A direct mass measurement of mass loss would be helpful, and this could be detected if it were found that RG stars at the same metallicity have a luminosity-dependent mass. With enough luck, one or several EBs at large periods may even be found on the RC phase of stellar evolution. Short-period EBs with RC members would not be adequate, as it is likely that these detached EBs would not have been detached when the RC was a much larger upper-RG branch star.
The combined use of these three anchors and the relative predictions of stellar evolution could over determine the properties of bulge stars. Because they span the entire metallicity range −1.2 ≤ [M/H] ≤ +0.60 (Zoccali et al. 2008 , Johnson et al. 2011 , Hill et al. 2011 , any residual uncertainty could be used to place bounds on the uncertainties in stellar models.
Other Uncertainties
There are several systematic effects that could pose challenges to any survey of eclipsing binary pairs. We show, however, that these could either be controlled or become investigative avenues in their own right.
The first is that blending can affect the light curve of bulge eclipsing binaries, a systematic that is not generally a concern in the solar neighborhood. The extra flux from a blend, F b , would bias the interpretation of the flux drop during the eclipse, and thus the value of the derived stellar density. In Appendix, we derive that:
It follows from Eqs. (6) and (11) that a 10% blend would significantly affect the derived stellar parameter values. This could be controlled by getting high-resolution images of the target in JHK. A significant blend could also be estimated from its contribution to the spectra, as its spectral lines would not share the ≈ 100 km/s orbital velocities. Thus, it likely that the blending fraction F b /F 1 could be measured to a precision of a few percent. The second effect is the RGBB. This post-main-sequence phase of stellar evolution, during which the star temporarily gets fainter, before getting brighter again (Cassisi and Salaris 1997 , Bjork and Chaboyer 2006 , Nataf et al. 2011b , breaks the injective mapping between density and temperature at fixed mass, helium and metallicity. The resulting difference in temperature can yield an offset in the derived values of δY ≈ 0.007 and δ log (t/10) ≈ 0.02. However, this would only occur at the position of the RGBB, which can be easily estimated to a precision of ≈ 0.04 dex in log g (i.e., ≈ 0.1 mag) as its characteristic luminosity and number counts are steep, empirically-calibrated functions of metallicity (Nataf et al. 2011b) . The lifetime of the RGBB for bulge stars (≈ 20 Myr, Nataf et al. 2011a) does not contribute to the total age uncertainty, as independent errors add in quadrature, and that of the metallicity determination would dominate.
The third issue is that of RS Canum Venaticorum (RS CVn) type stars (Eaton and Hall 1979) . These heavily spotted systems, common in binaries, would have effective temperatures distinct from those predicted by naive models. If close-in binaries were found to have lower temperatures at fixed density and metallicity, this would demonstrate an effect due to tides and angular momentum transfer. The superior photometry from OGLE-III, with its greater cadence, longer baseline, and higher precision, should impose upper bounds on the spot depth of eclipsing binary candidates, which could be further investigated by measuring the calcium H+K emission in the spectra. We note that identification of RS CVn could be a good way to identify binaries that are not RG-EB twins, which would be a means of expanding the sample.
Stellar rotation could also be a concern. While isolated solar-mass stars tend to spin down over time, their cousins in binary systems are tidally circularized after 7 Gyr for periods P < 15 days and after 12 Gyr for periods P < 20 days (Mathieu et al. 2004) . Although tidal synchronization is not the same as circularization, the two are closely related. Thus, at least the closer RG eclipsing systems were probably rotating faster than the Sun (P = 25 day) while they were on the main sequence. Sills et al. (2000) showed that at fixed mass and composition, RG stars whose progenitors were rotating with periods P = 8 day are predicted to be slightly colder than non-rotating RG stars yielding an estimated systematic effect of ∆Y ≈ 0.01. Since the RG eclipsing binaries are at longer periods, the effect will be even smaller, but should nevertheless be taken into account.
Conclusion
We have demonstrated that there are observable, detached RG eclipsing binary pairs in the Galactic bulge, and have constructed gold and silver samples of 34 and 248 candidates respectively by imposing strict physical consistency requirements on the total OGLE-II eclipsing binary sample of Devor (2005) . We have demonstrated that the derived masses, temperatures, metallicities and densities assuming reasonable error estimates would give powerful constraints on the formation and evolution of the Galaxy: both the age and helium abundance would be tightly constrained, at every measured metallicity. In addition to providing fundamental insights on Milky Way assembly, a survey of these systems would have the potential to teach us about the metallicity-dependence of the binary fraction, mass loss on the RG branch and stellar models. Our count of 34-(282) such systems in the OGLE-II eclipsing binary catalog leads us to estimate that at least 200-(1500) could be found in OGLE-III, just from the larger viewing area.
Effect of Blending on Derived Eclipsing Binary Parameters
We derive the error made in estimating the densities of the binary components made by failing to detect (and so take into account) blending by a third star within the PSF. For this purpose, we make the simplifying assumptions of uniform surface brightness and highly unequal source sizes. If these assumptions are relaxed, the derivation becomes much more complicated, but the final results are similar.
Define
r 2 a where t 1 is the transit time, t 2 is the ingress time, P is the period, a is the semimajor axis, and r 1 and r 2 are the two radii. Note that t i and P can be measured with essentially infinite precision, because they depend only on timing data, and not on blending. Hence, τ i are also observables with quasi-infinite precision. Then, for circular orbits,
where β is the impact parameter. Hence, the precision of
depends directly on how well the ratio of radii, r 2 /r 1 can be measured. The fluxes in and out of eclipse are related to the two surface brightnesses by
Hence,
where η ≡ z 2 /z 1 . The inverse density of the whole system is given
And, if the two masses are known (or assumed) to be equal:
Now, the hardest thing to measure (assuming no blending) will be t 2 (ingress time). This is relatively short, so few data points. Plus, one must actually understand limb darkening quite well to measure it. The only quantity susceptible to blending is η. If the system is blended by flux F b , then all three fluxes F 1 , F 3 , F 3 are increased by this same amount. In this case,
Blending can be controlled in two complementary ways. First, high-resolution images on 8 m class telescopes should be able to detect all sources within 2 FWHM of the target, down to 1-2% in JHK. Translating these fluxes into I-band will involve some error, but should be statistically unbiased.
Second, any ambient source within the optical PSF with 1-2% of target flux can be detected as follows. Since the periods are typically P = 20 days, the two sources will have relatively motion roughly 100 km/s, while the line-widths should be smaller by a factor r/2a, even if the stars are tidally locked. Therefore, the line systems of the two stars should be quite well separated, enabling excellent empirical templates of both from the ensemble of RV spectra. Then these templates can be subtracted from each spectrum, shifted by the fit velocity. The sum of the residuals of these fits will give a S/N ∼ few spectrum of any ambient light, certainly enough to identify its source. A. A. 
